Background-Brugada syndrome is a rare, autosomal-dominant, male-predominant form of idiopathic ventricular fibrillation characterized by a right bundle-branch block and ST elevation in the right precordial leads of the surface ECG. Mutations in the cardiac Na ϩ channel SCN5A on chromosome 3p21 cause Ϸ20% of the cases of Brugada syndrome; most mutations decrease inward Na ϩ current, some by preventing trafficking of the channels to the surface membrane. We previously used positional cloning to identify a new locus on chromosome 3p24 in a large family with Brugada syndrome and excluded SCN5A as a candidate gene. Methods and Results-We used direct sequencing to identify a mutation (A280V) in a conserved amino acid of the glycerol-3-phosphate dehydrogenase 1-like (GPD1-L) gene. The mutation was present in all affected individuals and absent in Ͼ500 control subjects. GPD1-L RNA and protein are abundant in the heart. Compared with wild-type GPD1-L, coexpression of A280V GPD1-L with SCN5A in HEK cells reduced inward Na ϩ currents by Ϸ50% (PϽ0.005). Wild-type GPD1-L localized near the cell surface to a greater extent than A280V GPD1-L. Coexpression of A280V GPD1-L with SCN5A reduced SCN5A cell surface expression by 31Ϯ5% (Pϭ0.01). Conclusions-GPD1-L is a novel gene that may affect trafficking of the cardiac Na ϩ channel to the cell surface. A GPD1-L mutation decreases SCN5A surface membrane expression, reduces inward Na ϩ current, and causes Brugada syndrome.
B rugada syndrome is a rare, autosomal-dominant, malepredominant form of idiopathic ventricular fibrillation characterized by a right bundle-branch block and ST elevation in the right precordial leads of the surface ECG. [1] [2] [3] [4] Affected individuals develop syncope, ventricular arrhythmias, and sudden death, and the only proven therapy for patients at high risk is an implanted cardioverter-defibrillator (ICD). More than 80 mutations of the cardiac Na ϩ channel SCN5A on chromosome 3p21 cause Ϸ20% of the cases of Brugada syndrome. 1, 5, 6 Most of the known SCN5A mutations responsible for Brugada syndrome decrease inward Na ϩ current (I Na ), some by preventing trafficking of channels to the surface membrane. [7] [8] [9] [10] Na ϩ channel blockers are clinically useful because they enhance the ECG phenotype. 11 More recently, mutations in the cardiac Ca 2ϩ channel CACNA1c (Ca v 1.2) and its ␤-subunit CACNB2b that decrease inward Ca 2ϩ current have been shown to cause an overlap syndrome with both a short-QT interval and a Brugada syndrome ECG. 12 These findings support the hypothesis that inadequate depolarizing current in the epicardium of the right ventricle, where the transient outward repolarizing current is greatest, causes premature repolarization, current flow and ST elevation on the ECG, phase II reentry, and arrhythmias. 13 To date, only ion channel-related genes have been shown to cause Brugada syndrome.
Clinical Perspective p 2268
We previously linked a large multigenerational family of Italian descent with Brugada syndrome (family FN; Figure 1) to a locus at chromosome 3p22-24 with a LOD (logarithm of odds) score Ͼ4.0 and excluded SCN5A as a candidate by linkage and direct sequencing. 14 We now report the identification of the gene and the mutation responsible for Brugada syndrome in this family.
Methods

Clinical Testing
The Institutional Review Board at the University of Pittsburgh approved all human studies. The proband and his family were referred to our institution; the clinical characteristics of the family have been reported previously. 14 Clinical follow-up of the family has continued for the last 10 years, including enrollment of new individuals and ECGs on at-risk individuals every 6 months. To date, ICDs have been placed in 4 genotypically affected individuals on the basis of clinical criteria. The proband had 2 episodes of polymorphic ventricular tachycardia terminated by appropriate ICD shocks, 14 and 1 affected brother of the proband had a 20-beat episode of ventricular flutter (rate, Ϸ300 bpm) that self-terminated and did not require an ICD shock.
Identification and Sequencing GPD1-L
Selected candidate genes and GPD1-L were sequenced with BigDye Terminator version 1.1 (Applied Biosystems, catalog No. 4337450, Foster City, Calif). Sequencing reactions were analyzed on the ABI 310 Genetic Analyzer (Applied Biosystems) using sequencing analysis software and BLAST. The following oligonucleotides were designed and used for polymerase chain reaction amplification and sequencing of GPD1-L: exon 1f, CACGGTCCAGGCGGCTA-CATTC; exon 1R, TGCTCGAGCCTCCACCAAGTCCTT; exon 2F, GTTTATGTTTTTCTTTTCCACGAT; exon 2R, AGCAA-CATAATAGGAAACCCATT exon 3F; CAGGCAAGGTT-GATATAAGAGGA; exon 3R, CGAAAAACCGCCACAACTT; exon 4F, AGTTGTGTAGCCATGGGACATCT; exon 4R, TGT-TAAGAGGGACAGGGAAGAGTC; exon, 5F, AGGCTGTTAT-TAATATCCTTGTTG; exon 5R, CCTTGCTTGATGAACTCCTC; exon 6F, CTGTAACGGCATCTGGGCTTTGTC; exon 6R, CAGT-TCACCCCAAGCCAGGAGTC; exon 7F, GGCTTCCAGCAGGG-GACTGAA; exon 7R, TTATCTGGTCTCATGGGCGACTGA; exon 8F, ACCTGCAATCTGTTAGGACA; and exon 8R, CCGTGATGAGATTACAGTCAA.
Genotyping Family Members and Normal Control Subjects
The C/T base-pair change at position 899 of GPD1-L created an Hyp188I restriction site that was used to screen the entire family and Ͼ200 individuals of mixed racial backgrounds from the Pittsburgh area (including Ϸ100 individuals of Italian descent). In addition, DNA from 300 reference individuals (100 black, 200 white; Coriell Institute, Camden, NJ) was screened by WAVE denaturing highpressure liquid chromatography (Transgenomic, Inc, Omaha, Neb). Thus, a total of Ͼ1000 ethnically diverse reference alleles were screened. Individuals carrying the mutation were confirmed by direct sequencing.
GPD1-L Clones
A full-length human GPD1-L clone in pBS was obtained (identification No. 4820730, Invitrogen, Carlsbad, Calif), and the coding region was subcloned into pBKCMV (Stratagene, La Jolla, Calif) for expression studies and electrophysiology. The A280V mutant was engineered with QuikChange (Stratagene). Adeno-associated viral constructs carrying wild-type (WT) and A280V GPD1-L were generated by insertion of the WT and mutant GPD1-L coding regions between the cytomegalovirus promoter and poly-A trails of doublestranded AAV constructs.
We designed green fluorescent protein (GFP)-fused GPD1-L constructs (WT or A280V) to trace the trafficking of GPD1-L in transiently transfected HEK 293 or COS-7 cells. Briefly, polymerase chain reaction-amplified GPD1-L cDNA was cloned in CT-GFP-TOPO-TA vector (Invitrogen). GPD1-L-GFP fusion constructs (GFP at the C terminus) were identified by DNA sequencing and Western blotting of cell lysates of transiently transfected COS-7 cells in which GFP-fused GPD1-L ran as a slower band (Ϸ70 kDa) compared with the GPD1-L band (Ϸ40 kDa).
Cell Culture
HEK 293 and COS-7 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% FBS (Invitrogen:Gibco-BRL Life Technologies, Carlsbad, Calif), 100 U · mL Ϫ1 penicillin, and 100 g · mL Ϫ1 streptomycin at 37°C in CO 2 -controlled environments. The HEK cell line constitutively expressing SCN5A was generated by transfection with an SCN5A IRES-GFP construct, isolation and expansion of GFP-positive cells, and maintenance in the above medium plus G418 (Geneticin reagent, Invitrogen) 0.2 mg/mL at 37°C in CO 2 -controlled environments. HEK 293 or COS-7 cells were transfected by the standard calcium phosphate method or lipofectamine 2000 (Invitrogen) using the manufacturer's protocol. The AAV-GPD1-L stocks were produced by the adenovirus-free, triple-plasmid cotransfection method, and cells were infected by standard methods.
Tissue and Cellular Expression of GPD1-L
Analysis of the expression of GPD1-L mRNA was performed by Northern blot. Polymerase chain reaction using the human GPD1-L cDNA as a template and the following primers produced a 345-bp fragment specific for human GPD1-L mRNA: GPD1-LF, CTC- CAAGGACCGCAGACTT; and GPD1-LR, ACTGCCCAGTA-CATCTTTGCTAAT. Polymerase chain reaction product (10 ng) was labeled with [␣ 32 P]-dCTP using the Redi-prime II kit (Amersham, catalog No. RPN1633, Piscataway, NJ) and hybridized to a multiple human tissue Northern blot (Clontech, Mountain View, Calif) using the specified protocol for Northern blotting.
Western blotting was performed using standard protocols. For membrane proteins, mouse or human hearts were pulverized under liquid nitrogen and homogenized with a Tissuemiser (Fisher Scientific, Waltham, Mass). The homogenate was centrifuged at 1000g for 10 minutes at 4°C; the supernatant was spun at 100 000g for 1 hour at 4°C; and the pellet was resuspended in a buffer containing 1% SDS and then centrifuged at 10 000g for 10 minutes at 4°C to remove the insoluble fraction. For total protein, hearts were pulverized and homogenized as above, whereas cells were disrupted by sonication. For both cells and hearts, the insoluble fraction was removed by centrifugation at 15 000g for 10 minutes at 4°C.
Protein concentrations were determined (BioRad Protein Assay, BioRad Laboratories, Hercules, Calif), and 10 to 30 g protein per lane was used for the Western analysis. SDS-PAGE was carried out with 4% to 15% gradient polyacrylamide gels (BioRad Laboratories) and polyvinylidene difluoride membrane (Immobilon-P, Bedford, Mass). The primary antibody was directed against the peptide sequence QTSAEVYRILRQKGLLDK corresponding to amino acids 303 through 320 in mouse GPD1-L protein (accession number NP_780589) and was prepared in rabbits and chickens by Zymed Laboratories (San Francisco, Calif). The chosen peptide was highly conserved in human GPD1-L, in which the corresponding sequence is QTSAEVYRILKQKGLLDK (accession number NM_015141). This antibody was diluted 1:1000 in 5% nonfat dried milk (Carnation, Solon, Ohio) in Tris-buffered saline (TBS; 10 mmol/L Tris, 150 mmol/L NaCl, ph 7.4), and immunoblots were incubated overnight at 4°C. After washes in TBS with 0.05% Tween 20, blots were incubated for 1 hour at room temperature with alkaline phosphatase-conjugated goat anti-rabbit IgG secondary antibody (Jackson ImmunoResearch, West Grove, Pa) diluted 1:7500 in nonfat dried milk, washed in TBS with 0.05% Tween 20, incubated in the chemiluminescent substrate reagent CDP-Star (Boehringer Mannheim, Indianapolis, Ind), and exposed to Kodak BioMax-MR film for signal detection.
Whole-Cell Voltage-Clamp Electrophysiology
The recombinant Nav1.4 (SCN4A) and Nav1.5 (SCN5A) Na ϩ channels were subcloned in the expression vector pCGI (GFPIres) for bicistronic expression of the channel protein and a GFP reporter. SCN5A was provided by David C. Johns, Bradley H. Nuss, and Eduardo Marban (Johns Hopkins University), and SCN4A was provided by Jeffrey R. Balser and Al George (Vanderbilt University, Nashville, Tenn). cDNAs of Nav1.5 or Nav1.4 and GPD1-L (WT or A280V) were transiently cotransfected into HEK-293 cells using lipofectamine 2000 (Invitrogen). The cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS, 100 U · mL Ϫ1 penicillin and 100 g · mL Ϫ1 streptomycin in a 5% CO 2 incubator at 37°C for 1 to 4 days.
Whole-cell Na ϩ currents were recorded from cells expressing GFP at room temperature (Axopatch 200B, Axon Instruments, Foster City, Calif). Electrodes of 1 to 2 mol/L⍀ were filled with a pipette solution containing (in mmol/L) NaF 10, CsF 110, CsCl 20, EGTA 10, and HEPES 10 (pH 7.35 with CsOH). The bath solution contained (in mmol/L) NaCl 145, KCl 4.5, CaCl 2 1.5, MgCl 2 1, and HEPES 10 (titrated to pH 7.35 with CsOH). In all recordings, the potentials were corrected for the liquid junction, and 80% of the series resistance was compensated, yielding a maximum voltage error of Ϸ1 mV. Na ϩ currents (I Na ) were sampled at 20 kHz through an analog-to-digital converter (DigiData 1200, Molecular Devices, Sunnyvale, Calif) and low-pass filtered at 5 kHz. Na ϩ channel data were collected and analyzed with pClamp 9.2 software (Molecular Devices). Cell capacitance was recorded directly from the Axopatch 200B amplifier after nullifying the transients following patch rupture. Relatively small cells were used to ensure better voltage control. To minimize time-dependent drift in gating parameters, all protocols were initiated 5 minutes after whole-cell configuration was obtained.
Intermediate inactivation was assessed with a 2-pulse protocol. The first pulse to Ϫ20 mV from a holding potential of Ϫ120 mV ranged from 1 to 1000 ms in duration to ensure that channels entered the intermediate inactivation state. This was followed by a brief recovery period to Ϫ120 mV for 20 ms to allow recovery from fast inactivation. The peak current during the second test pulse to Ϫ20 mV was normalized to the first pulse, and the points were fit using a single exponential function. Fast inactivation was assessed during voltage depolarizations from a holding potential of Ϫ120 mV to Ϫ30, Ϫ20, Ϫ10, and 0 mV. Current decay was best fit using a 2-exponential function, and values of fast and slow were determined. Recovery from inactivation (after a 1000-ms depolarization to Ϫ20 mV from a holding potential of Ϫ120 mV) was fit using a 2-exponential function, with fast representing recovery from fast inactivation and slow representing recovery from slow inactivation.
Intracellular Expression of GPD1-L and SCN5A
SCN5A was cloned into pRcCMV (Invitrogen) for immunofluorescence studies. For confocal fluorescence microscopy, 24-hourposttransfected COS-7 or HEK 293 cells with GPD1-L-GFP constructs (WT or A280V) were fixed in 2% paraformaldehyde in PBS and mounted on glass slides. For immunofluorescence, 2-dayposttransfected HEK 293 cells were fixed in 2% paraformaldehyde in PBS, made permeable with 0.1% Triton-X in PBS, and blocked with 2% BSA in PBS. Cells cotransfected with GPD1-L-GFP and SCN5A were incubated for 1 hour at room temperature with rabbit anti-SCN5A from Alomone Labs (Jerusalem, Israel) diluted 1:1000 in 0.5% BSA, washed with 0.5% BSA in PBS to remove unbound primary antibody, and incubated with Cy3-conjugated goat antirabbit IgG (Jackson Immunoresearch, West Grove, Pa) and phalloidin Cy5 in some experiments to delineate cortical actin.
Imaging and Quantitative Immunofluorescence
Cells were imaged with a Leica TCS-SL confocal microscope and captured with Leica confocal software (Leica Microsystems, Mannheim, Germany). For each confocal series, the image that showed the best cell surface membrane staining was selected for quantitative immunofluorescence. To determine the proportion of SCN5A expression in or near the membrane, entire cell fluorescence and membrane regions were delineated with Metamorph computer software (Molecular Devices). Each cell was outlined; the inner aspect of the cell membrane was outlined; and the number of pixels in the cell with and without the membrane region was determined. The difference between these 2 readings divided by the total number of pixels in the entire cell was calculated to determine the percent of total SCN5A in the cell that localized near the cell surface. In addition, the proportion of the cell designated surface membrane was determined for each group.
Biotinylation of Cell Surface SCN5A
Biotinylation of cell surface proteins was performed with the Pinpoint Cell Surface Protein Isolation Kit (Pierce, Rockford, Ill). Briefly, HEK 293 cells constitutively expressing SCN5A were infected with adeno-associated virus carrying WT or A280V GPD1-L. After 2 days, cells were washed with PBS and incubated with Sulfo-NHS-SS-Biotin for 30 minutes at 4°C. The reaction was quenched, and cells were gently removed from the flask, placed in a conical tube, washed in TBS, and divided into pellets at 500g. Cell pellets were sonicated in lysis buffer with protease inhibitors, and the cell lysate was centrifuged at 10 000g for 2 minutes at 4°C. Biotinylated proteins were isolated on a column containing immobilized NeutrAvidin protein (Pierce Biotechnology, Inc, Rockford, Ill). After washes, surface proteins were eluted with SDS-PAGE sample buffer containing 50 mmol/L dithiothreitol and electrophoresed for subsequent Western blotting as described above. For detection of SCN5A, primary antibody (described above) was diluted 1:1000.
Radiographs were scanned and digitized for analysis using Quantity One quantification software (BioRad Laboratories). Bands of interest were delineated, and densitometries were calculated on the basis of the number of pixels. Total protein was normalized to Coomassie stains to account for differences in loading, and membrane SCN5A/total SCN5A was compared for cells infected with AAV-A280V versus AAV-WT GPD1-L.
Statistical Analysis
Data are presented as meanϮSEM. Significance was determined using 2-tailed Student t test for paired or unpaired variables, and ANOVA (Microcal Origin, Northampton, Mass) was used for continuous variables. A value of PϽ0.05 was considered significant.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
A Mutation in GPD1-L Causes Brugada Syndrome
The region of linkage in the FN family was narrowed to Ϸ1 million bp on chromosome 3p24 by fine mapping, and an electronic contig was generated. The candidate genes KCNH8 (Elk1 K ϩ channel), DNLC1 (dynein cytoplasmic lightintermediate peptide 1), TGFB2 (tissue growth factor-␤2), and PDLC1 (phospholipase C) were eliminated by single-strand conformational polymorphism and/or direct sequencing. RNA from 2 putative genes with no known function within the linkage region was detected in the heart using reverse-transcription polymerase chain reaction; direct sequencing identified no mutations in C3ORF3 (KIAA1173) and a C/T base-pair change (C899T) in GPD1-L (KIAA0089, NM_015141) leading to an alanine-to-valine substitution at amino acid 280 (A280V) in exon 6 (Figure 2A ). All 16 phenotypically affected individuals and 27 others in the FN family carried the A280V mutation (37% penetrance; Figure  1 ). All of the other mutation carriers Ͼ18 years of age had been previously classified as phenotypically uncertain because of QRS prolongation and/or ST segment or J-point elevation. The 280V allele was not identified in Ͼ1000 reference alleles from individuals of mixed racial background. No mutations in GPD1-L were identified in the probands of 19 smaller families with Brugada syndrome.
The human GPD1-L mRNA is 3954 bp long and encodes a protein predicted to be 351 amino acids in length. There is 84% homology with the GPD protein, a dimer involved in the glycerol phosphate shuttle that transfers electrons from cytosolic NADH to the mitochondrial transport chain and may play roles in energy production, osmoregulation, tumor growth, and apoptosis. 15 The alanine at position 280 is conserved in all higher organisms for which sequence exists, including human, orangutan, mouse, rat, dog, cow, pig, and salmon for GPD1-L and human, mouse, rat, dog, and cod for GPD. The putative NAD ϩ binding site and the catalytic site in GPD are conserved in GPD1-L (Figure 2A ).
GPD1-L Is Expressed in the Heart
GPD1-L mRNA is most highly expressed in heart tissue, with lower levels in the skeletal muscle, kidney, lung, and other organs ( Figure 2B ). GPD1-L protein is present in homogenates from mouse and human heart and is concentrated in the membrane fraction ( Figure 2C and 2D ). GPD1-L protein is present in similar abundance in male compared with female rabbit hearts and in right compared with left ventricles (data not shown).
A280V GPD1-L Decreases Inward SCN5A Na ؉ Current
WT or A280V GPD1-L and SCN5A were transiently cotransfected into HEK cells ( Figure 3A and 3B) . Overexpression of WT GPD1-L did not significantly affect the amplitude of I Na , but overexpression of A280V GPD1-L decreased I Na by 48% (at Ϫ20 mV, from Ϫ570 to Ϫ298 pA/pF; Pϭ0.004) com-pared with WT GPD1-L. Similar results were obtained using transient transfections of WT or A280V GPD1-L into an HEK cell line stably expressing SCN5A (data not shown).
The A280V mutation did not cause any significant changes in the activation or inactivation kinetics of I Na (Figure 3C) . The steady-state inactivation curves were fit using a Boltzmann function, and the V 1/2 and k (slope factor) were Ϫ95.2Ϯ0.7 mV and 6.1Ϯ0.1 for mock-transfected cells (nϭ11), Ϫ93.9Ϯ1.5 mV and 5.8Ϯ0.1 for cells transfected with WT GPD1-L (nϭ15), and Ϫ94.9Ϯ1.6 mV and 6.4Ϯ0.3 for cells transfected with A280V GPD1-L (nϭ16; PϭNS). Similarly, the V 1/2 and k for activation were Ϫ41.0Ϯ0.8 mV and 7.3Ϯ0.3 for mock-transfected cells (nϭ11), Ϫ41.5Ϯ0.9 mV and 6.6Ϯ0.2 for cells transfected with WT GPD1-L (nϭ15), and Ϫ39.2Ϯ1.2 mV and 7.2Ϯ0.3 for cells transfected with A280V GPD1-L (nϭ16; PϭNS). In addition, the A280V mutation did not alter the time course of the development of or recovery from inactivation. The time constants for the development of intermediate inactivation, assessed using a 2-pulse protocol, were 254Ϯ42 ms for cells transfected with WT GPD1-L (nϭ11) and 222Ϯ41 ms for cells transfected with A280V GPD1-L (nϭ13; PϭNS). The time constants for fast inactivation, determined using the fit to a 2-exponential function during voltage steps from Ϫ120 mV to between Ϫ30 and 0 mV, also were unaffected. At Ϫ20 mV, fast ϭ0.95Ϯ0.05 ms and slow ϭ5.68Ϯ0.42 ms for cells transfected with WT GPD1-L (nϭ15), and fast ϭ1.05Ϯ0.08 ms and slow ϭ6.59Ϯ0.85 ms for cells transfected with A280V GPD1-L (nϭ16; PϭNS). Finally, the time constants for recovery from inactivation were unaffected, with fast ϭ13.5Ϯ1.5 ms and slow ϭ133Ϯ15 ms for cells transfected with WT GPD1-L (nϭ7) and fast ϭ16.8Ϯ3.7 ms and slow ϭ179Ϯ33 ms for cells transfected with A280V GPD1-L (nϭ8; PϭNS). The effect of the GPD1-L mutation on current amplitude was specific for the cardiac channel isoform. Cotransfection of A280V GPD1-L with the skeletal muscle Na ϩ channel SCN4A, which differs considerably in the intracellular linkers between domains I to II and domains II to III, did not affect the Na ϩ current ( Figure 3D ). A280V GPD1-L also did not alter currents from the K ϩ channel HERG (data not shown).
Intracellular Localization of GPD1-L Is Affected by the A280V Mutation
On the basis of its enrichment in membrane preparations ( Figure 2C) , a hydrophobicity analysis that suggested the presence of a transmembrane domain at the N terminus, and data suggesting that GPD binds to the membrane by an amphipathic ␣ helix, 16 we hypothesized that GPD1-L is most likely a membrane-associated protein. We therefore engineered fusion proteins with GFP attached to the C terminus of WT and A280V GPD1-L. Confocal microscopy of transfected COS-7 cells (Figure 4A and 4B) and HEK 293 cells ( Figure 4C and 4D) showed that WT GPD1-L-GFP localized to the region of the plasma membrane to a greater extent than A280V GPD1-L-GFP. Similar results were found using immunostaining of untagged WT and A280V GPD1-L (data not shown).
Surface Expression of SCN5A Is Decreased by the A280V GPD1-L Mutation
Expression of SCN5A near the surface membrane, measured by immunostaining and confocal microscopy, was decreased by 48% in HEK cells cotransfected with SCN5A and A280V GPD1-L compared with WT GPD1-L (nϭ16 each; Pϭ0.01; Figure 5A and 5B). Biotinylation of membrane proteins ( Figure 5C ) confirmed the decreased surface expression of SCN5A in cells infected with AAV-A280V GPD1-L compared with AAV-WT GPD1-L (31Ϯ5%; nϭ5; Pϭ0.01), with no difference in total SCN5A protein. Of note, GPD1-L was not detected on the outer surface of the plasma membrane, although this could reflect a limited number of accessible lysine residues and/or steric hindrance to biotinylation.
Biotinylation experiments ( Figure 5C ) and coimmunoprecipitation of protein preparations from GPD1-L-transfected HEK cells stably expressing SCN5A and mouse hearts (data not shown) failed to show direct interactions between GPD1-L and SCN5A. Thus, without overt binding of GPD1-L to SCN5A, the A280V GPD1-L mutation interferes with intracellular localization of the mutant GPD1-L and decreases surface expression of SCN5A, leading to a decrease in I Na and to Brugada syndrome.
Discussion
Arrhythmias remain a major health problem, leading to Ͼ250 000 sudden deaths in the United States each year. 17 After the initial identification of the K ϩ and Na ϩ channel genes responsible for the long-QT syndrome by positional cloning and candidate positional cloning at the LQT loci, mutations in ion channel genes also were identified in patients with short-QT syndrome, Brugada syndrome, inherited conduction defects, inherited atrial fibrillation, and catecholaminergic ventricular tachycardia, predominantly using a candidate gene approach. 18, 19 A great deal has been learned from the ion channel mutations that cause these rare inherited arrhythmopathies. Mutations in genes other than ion channels are less common causes of inherited arrhythmias. One example is ankyrin-B, a membrane adaptor protein that acts as an ion channel scaffold and was identified as the gene responsible for the LQT4 form of long-QT syndrome in a large family. 20 Here, we used positional cloning to identify a novel gene not previously known to be important for cardiac electrophysiology or arrhythmias.
Ion channel defects have been identified as a cause of sudden infant death syndrome, 21 and Van Norstrand et al 22 recently identified 3 mutations in GPD1-L in necropsy tissue from infants with autopsy-negative sudden unexplained death. The family we describe has conduction disease that progresses with age. 14 Age dependency of conduction disease is well described for SCN5A mutations in both humans and gene-targeted mice. 23, 24 GPD1-L mutations, which also affect I Na , may lead to progressive conduction disease and the age dependency of the ECG phenotype in this family by a similar mechanism. Thus, although GPD1-L does not appear to be a common cause of Brugada syndrome on the basis of work by our group and others, 25 it is a candidate gene for other syndromes associated with Na ϩ channel defects and arrhythmias. In addition, determining the mechanisms by which GPD1-L affects Na ϩ current may elucidate additional genes responsible for Brugada syndrome and other inherited arrhythmia syndromes.
The GPD1-L mutation may cause Brugada syndrome by reducing Na ϩ channel trafficking to the plasma membrane. Mutations in SCN5A that affect trafficking can cause Brugada syndrome. 7-10 GPD1-L does not appear to directly associate with SCN5A, but the A280V mutation affects SCN5A surface membrane protein density and the number of functional channels. The mechanism by which GPD1-L mutations alter Na ϩ channel membrane expression is currently unknown. There is evidence that oxidative state may affect ion channels and cardiac arrhythmias such as atrial Figure 5 . The GPD1-L mutation decreases SCN5A membrane expression. A, SCN5A immunofluorescence imaged on a confocal microscope of an HEK cell cotransfected with SCN5A and either WT GPD1-L-GFP (left) or A280V GPD1-L-GFP (right). B, Quantification of SCN5A expression near the cell surface in cells cotransfected with SCN5A and WT vs A280V-GPD1-L-GFP (nϭ16 each). Total cell surface area designated as membrane was not different between the groups (WT, 16.8%; A280V, 16.9%; PϭNS). No difference existed in total SCN5A protein expression by Western blot (data not shown). C, Surface expression assayed by biotinylation in HEK 293 cells constitutively expressing SCN5A that were mock infected or infected with AAV-WT GPD1-L (WT GPD1L) vs AAV-A280V GPD1-L (MT GPD1-L). Total protein (30 g) from each group was loaded onto the immunoblot. In this experiment, there was a 45% decrease in cell surface expression of SCN5A, normalized to total protein, in cells infected with AAV-A280V vs WT GPD1-L.
fibrillation. 26, 27 On the basis of its homology with GPD, GPD1-L could potentially alter cellular NAD ϩ /NADH levels and act as a bridge between the metabolic state of the heart and cellular electrophysiology. If true, this could provide a novel explanation for the day-to-day variability in the ECG pattern seen in patients with Brugada syndrome. 1 Most arrhythmias and sudden cardiac death occur in the setting of ischemia secondary to coronary artery disease or after myocardial damage caused by infarction, viral infection, valve disease, and genetic defects. 28 Although ion channels are critical for the maintenance of normal cardiac rhythm, the mechanisms that lead to the initiation and maintenance of reentrant arrhythmias and their degeneration into fibrillation are only partially understood. Similarly, pharmacological treatments for arrhythmia have not proved to be successful, 29 and the use of ICDs is limited by patient acceptance, decreased quality of life, and cost. The identification of novel arrhythmia genes such as GPD1-L may enhance our understanding of the mechanisms of sudden cardiac death and provide novel therapeutic targets.
